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(p<0.05). However, at steady-state, velocity was not altered from pre-
treatment values, and mean wave magnitude and SR Ca2þ content were re-
duced (p<0.05). The opposite intervention, reducing RyR sensitivity with
100 mM tetracaine, increased wave magnitude and SR Ca2þ content at steady
state (p<0.05) but did not alter wave speed. These observations suggest that
SR content-induced alterations in RyR sensitivity could account for differ-
ences in wave speed between initial and steady-state conditions. To test this
hypothesis, we increased SR content by pacing cells at 5 Hz, and then stopped
the stimulation to allow SR content to decline. Wave speed was observed to
progressively decrease following termination of stimulation (p<0.05). Our
data suggest that RyR sensitivity and SR Ca2þ content are important determi-
nants of Ca2þ wave speed. An induced increase in RyR sensitivity, possibly
relevant in heart failure, increases wave speed only until counteracted by
steady-state reduction in SR content.
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In cardiac myocytes, calcium (Ca)-induced Ca release can give rise to prop-
agating Ca waves that promote cardiac arrhythmias. To understand the mech-
anism underlying the transition from localized Ca sparks to global Ca waves,
we developed a mathematical model of a spatially-distributed network of
diffusively coupled Ca release units (CRUs) comprised of junctional/longitu-
dinal sarcoplasmic reticulum and dyadic/cytoplasmic spaces with physiolog-
ically realistic dimensions. As total Ca was increased in the model, Ca spark
cluster sizes initially exhibited an exponential distribution, which transitioned
to a scale-free power-law (f-b) distribution near the threshold at which ran-
dom Ca sparks transitioned to Ca waves. The power-law relationship indi-
cates that Ca release patterns in the CRU network are governed by
a dynamical mechanism called self-organized criticality, the same process
underlying many natural world phenomena such as avalanches and earth-
quakes. We tested this prediction experimentally in saponin-permeabilized
cardiac myocytes. As free Ca, buffered with 0.5 mM EGTA, was increased,
Ca spark cluster size transitioned from an exponential distribution to
a power-law distribution at a free Ca concentration of 400 nM. Consistent
with self-organized criticality, this Ca concentration was near the threshold
for spark-to-wave transition since fully propagating waves were observed
above 400 nM Ca. Below this concentration, Ca was released mostly as in-
dividual sparks, and spark cluster sizes followed an exponential rather than
power-law distribution. In conclusion, our findings provide both theoretical
and experimental evidence that the transition from Ca sparks to arrhythmo-
genic Ca waves in cardiac myocytes is mediated by the dynamical process
of self-organized criticality, common to many natural phenomena. This pro-
vides a theoretical framework for developing interventions which modulate
the Ca spark-to-wave transition threshold as a potential therapeutic strategy
for preventing arrhythmias.
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Calcium (Ca) sparks in cardiac myocyte are formed by positive feedback (Ca
induced Ca release). At the resting membrane potential (Vm ~-80 mV), the
sodium-calcium exchanger (NCX) removes Ca from the cell (forward mode).
If Ca released from the sarcoplasmic reticulum (SR) is quickly removed via for-
ward mode NCX before the positive feedback process starts, the Ca release be-
comes non-spark Ca leak. However, at higher Vm, Ca enters through the NCX
(reverse mode) and Ca entry through reverse mode NCX may activate ryano-
dine receptors (RyRs) and initiate Ca sparks. These are also influenced by
the cleft/non-cleft distribution of NCX, which is still unknown. In this study,
using physiologically detailed mathematical model of the subcellular Ca cy-
cling, we investigate how the magnitude of NCX current and the distribution
of NCXs alter Ca spark formation. We find that at the resting membrane poten-
tial if all NCXs are localized to the cleft, Ca sparks are significantly reduced (at
[Ca]SR=700 mM, there is a 40% reduction vs. the case where all NCXs locate
outside of the cleft). During excitation-contraction coupling, most Ca sparks
are induced by L-type Ca current (ICaL) and only a small fraction of Ca sparks
are due to NCX current at Vm = 0mV. If Vm is higher (þ40 mV), since ICaLbecomes smaller and NCX becomes larger, more sparks are induced by
NCX. But the absolute number of Ca sparks is limited. These results also
strongly depend on the distribution of NCXs. If many NCXs locate close to
RyRs, NCX currents initiate Ca sparks much more efficiently. This underscores
the criticality of NCX localization regarding functional impact on SR Ca
release.
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Ca2þ dynamics plays a key role in many fundamental reactions such as mus-
cle contraction. In this study, we focused on two kinds of phenomena regard-
ing Ca2þ dynamics. Firstly, we previously revealed that in HeLa cells a rapid
elevation of Ca2þ concentration (Ca2þ burst) can be induced by a heat pulse
[Tseeb, V. et al., HFSP J. 3, 117–123 (2009)]. Secondly, Wei et al. demon-
strated that discrete, local and short-lived high-Ca2þ microdomains (Ca2þ
flickers) determine the direction of the cell migration in WI-38 cells [Wei,
C. et al., Nature 457, 901–905 (2009)]. Here, we studied the effects produced
by a heat pulse in WI-38 cells. The medium in the vicinity of single WI-38
cells was heated by focusing a 1455-nm IR laser. The effects of the heat pulse
on Ca2þ dynamics were studied by means of a fluorescence Ca2þ indicator,
Fluo-4. We found that the heat pulse induced Ca2þ burst in WI-38 cells in
a similar manner as in HeLa cells. Intracellular Ca2þ concentration decreased
during heating and rapidly increased at the onset of re-cooling. At the room
temperature, Ca2þ burst was induced only by large DT, whereas at the human
body temperature Ca2þ burst could be induced by much smaller DT. In other
words, WI-38 cells are more thermo-sensitive at the human body temperature
than at the room temperature. Furthermore, the experiments using intracellular
inhibitors suggested that Ca2þ pumps, SERCAs, were activated at higher tem-
perature, and Ca2þ was released from concentrated ERs to cytosol through
IP3Rs.
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The Ca2þ spark is the elemental Ca2þ release event in excitation-contraction
coupling. The synchronized summation of thousands (10,000 to 20,000 per
cell) of these local Ca2þ release events will give rise to the normal Ca2þ tran-
sient that underlies contraction. Ca2þ sparks represent a widely found Ca2þ
release process among different types of tissue (muscles, neurons and even
non-excitable cells) and species (rat, mouse, guinea-pig, rabbit, dog, cat, hu-
man) although the details are tissue and species specific. Ca2þ sparks are the
local events showing the increase of Ca2þ in the cytosol following activation
of ryanodine receptors (RyR) at the junctional sarcoplasmic reticulum (jSR).
This increase of [Ca2þ] in the cytosol is matched by a decrease of Ca2þ within
the jSR (Ca2þ blink). Ca2þ blinks were detected by using the low affinity
Ca2þ indicator fluo-5N loaded into the SR. Ca2þ blinks are even more local-
ized events (FWHM=1 mM versus 2.2 mM for sparks) than Ca2þ sparks, re-
flecting the inner structure of the SR. Simultaneous visualization of Ca2þ
sparks and Ca2þ blinks has allowed the detection of a new sub-population
of Ca2þ release events that are smaller than Ca2þ sparks and these have
been called ‘‘quarky Ca2þ release events (QCR)’’ (Brochet et al., 2011) be-
cause they are intermediate in size between Ca2þ release by a single RyR
channel and the entire cluster of RyR in the jSR. QCR events have also
been hypothesized to be commingled with the dynamics of Ca2þ release dur-
ing a spark. Here, we visualize heterogeneity of Ca2þ release within a spark.
The importance of this observation and its relationship with the organization
of RyR at the jSR will be discussed. These results provide important new
understanding of cardiac Ca2þ signaling.
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Parameter sensitivity analysis is useful for identifying how changes in model
parameters affect measurable model outputs. Stochastic models, however,
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a comprehensive analysis extremely time-consuming. We developed a novel
parameter sensitivity analysis method for stochastic models that involves ran-
domly varying all parameters, running a single simulation with each set of pa-
rameters, and then statistically relating the random parameters to the simulation
results using regression methods. We tested this method using an established
stochastic Ca2þ spark model with 18 parameters. Results show that standard
linear regression can successfully relate parameters to continuous model out-
puts such as spark amplitude and duration, and logistic regression can provide
insight into how parameters affect Ca2þ spark triggering (a probabilistic pro-
cess that is all-or-none in a single simulation). Benchmark studies demonstrate
that the new method is less computationally intensive than standard methods by
a factor of 6.6. Importantly, we tested model predictions with measurements of
Ca2þ sparks in mice with knockout of the sarcoplasmic reticulum (SR) protein
triadin. These mice exhibit a decrease in the number of RyRs per Ca2þ release
unit, a decrease in junctional SR volume, and an increase in diastolic SR
[Ca2þ]. The regression model predicts that these changes cause a 30% decrease
in Ca2þ spark amplitude, almost exactly matching the 29% decrease observed
experimentally. Additionally, this analysis provides an intuitive and quantita-
tive understanding of how much each alteration in the triadin knockout mouse
contributes to the observed change in spark amplitude. This approach is there-
fore an effective, efficient and predictive method for analyzing stochastic math-
ematical models to gain biological insight.
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Heart failure has a high prevalence in the general population and mortality rates
that remain excessive. Heart failure is characterized by a the loss of the ability
of the heart to pump blood and an increased propensity for fatal arrhythmias.
Changes in excitation-contraction coupling occur in heart failure and involve
the down regulation of sarcolemmal potassium channels, increased expression
of the sodium-calcium exchanger, decreased SR calcium ATPase expression,
as well are remodeling of the T-tubule network. These changes are aggravated
by chronically increased beta-adrenergic stimulation which has been character-
ized as a maladaptive mechanism. In HF, a chronic hyperadrenerigic state re-
sults in chronic hyperphosphorlyation of the cardiac ryanodine receptor
leading to increased sensitivity for calcium dependent channel activation. We
have developed a computational model of excitation-contraction coupling
(that improves uponWilliams et al., 2011) based on the rat ventricular myocyte
that includes the 20,000 calcium release units, each containing a cluster of 49
ryanodine receptors and 7 L-type calcium channels both of which gate stochas-
tically. The model also includes the membrane currents that govern the action
potential and the remaining components of calcium dynamics. The model is
solved using our Ultra-fast Monte Carlo Algorithm and GPGPUs that enable
this massive calculation to be solved efficiently. By implement changes in
ion channel and transporter behavior in the model while also including the spa-
tial re-organization of the TT system, we are able to examine how action poten-
tials and Ca2þ signaling changes in HF. This work reveals how cellular Ca2þ
instability arises and how late diastolic calcium release events (i.e. Ca2þ
sparks) and increased diastolic leak underlie the propensity for development
of arrhythmogenic calcium waves at the cellular level.
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Rationale: The expression of inositol 1,4,5-trisphosphate receptors (IP3R) has
been reported to be increased during cardiac hypertrophy resulting in aug-
mented hormone stimulated Ca2þ transients and arrhythmias.
Objective: To determine the role of IP3R in excitation-contraction coupling
during heart failure.Methods and results: The expression of IP3R2 was increased by 62% in left
ventricle tissue from a post-infarction rat model of heart failure (CHF).
Ca2þ waves were provoked during field stimulation at 1 Hz in isolated cardi-
omyocytes from CHF and sham animals by addition of 100 nM isoprenaline
(ISO) to the superfusate. Subsequent addition of endothelin (ET-1), a Gq-cou-
pled agonist that induces production of IP3, reduced the occurrence of Ca
2þ
waves in failing cardiomyocytes but not in sham. This reduction in Ca2þ
wave occurrence was not seen in control experiments in which only ISO
was added or in which IP3R inhibition with 2-APB was applied. Voltage
clamp experiments showed that the Ca2þ content of the sarcoplasmic reticu-
lum (SR) in ISO stimulated cells decreased in CHF after addition of ET-1.
Thus, in CHF cardiomyocytes, Ca2þ may leak out from the SR through
IP3R without leading to Ca
2þ waves. However, no such IP3R dependent
leak could be detected. Moreover, peak Ca2þ transient amplitude was not
altered by ET-1. However, blockade of IP3R by 2-APB reduced peak Ca
2þ
transient amplitudes in CHF. This indicates that the IP3R might be constitu-
tively activated in CHF.
Conclusions: Stimulation of IP3R in ISO-stimulated CHF cardiomyocytes
abolished Ca2þ waves due to a reduction in the SR Ca2þ load. Further exper-
iments are needed to elucidate the mechanism for this effect of IP3R stimulation
in CHF.
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Trimeric intracellular cation (TRIC) channel subtypes are present in the endo/
sarcoplasmic reticulum (SR) of muscle, heart and other tissues, which contrib-
ute to the movement of counter ions associated with the rapid release of Ca2þ
from intracellular stores (Yazawa et al., Nature 448: 78–82). We recently
showed that skeletal muscle derived from the TRIC-A knockout mice develop
overload of Ca2þ inside the SR that leads to instability of ryanodine receptor
(RyR1)-mediated Ca2þ release and muscle contraction (Zhao et al., JBC, 285:
37370-6). Here we examine the function of TRIC-A in regulation of Ca2þ sig-
naling in the cardiac muscle. Cardiomyocytes isolated from the TRIC-A knock-
out mice show reduced Ca2þ spark frequency under resting condition. Ca2þ
transients in response to voltage stimulation display arrhythmic patterns com-
pared with the wild type controls. While electrocardiogram (ECG) of TRIC-A
knockout mice reveal minor arrhythmic patterns under resting condition, infu-
sion of isoproterenol (80 mg/kg) leads to drastic and acute elevation of arrhyth-
mic ECG patterns that are rarely seen in the wild type mice. Chronic treatments
with isoproterenol (60 mg/kg/day for 14 days) induce development of cardiac
hypertrophy and fibrosis that are significantly more evident in the TRIC-A
knockout mice compared with the wild type controls. Biochemical studies
show that the major Ca2þ regulatory proteins in the cardiac muscle, e.g.
RyR2, NCX, SERCA, Cav1.2 and JP2 are not changed. Our data suggest an im-
portant role for TRIC-A in regulation of Ca2þ signaling in heart function.
Since the absence of TRIC-A caused overload of Ca2þ inside the SR, the
stress-induced arrhythmic Ca2þ signaling and ECG of the TRIC-A knockout
heart could reflect the store-overload induced Ca2þ release mechanism, which
has been demonstrated for the RyR2 Ca2þ release channel in the cardiac
muscle.
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MicroRNAs (miRNAs) are small nonprotein-coding RNAmolecules that target
mRNAs for translational repression or degradation. Increased levels of muscle-
specific miR-1 observed in various models of cardiac dysfunction have been
linked to increased cardiac arrhythmia propensity. The muscle-specific expres-
sion of miR-1 is mediated by the myocyte enhancement factor 2 (MEF2),
a known downstream target of Ca2þ/calmodulin dependent protein kinase II
(CaMKII). In this study, we utilized a genetic mouse model (i.e. calsequestrin
2 mutation, CASQ2R33Q) of catecholaminergic polymorphic tachycardia
(CPVT) to test the hypothesis that enhanced Ca2þ leakage through the
